Introduction
============

Lung cancer has caused the most deaths related to cancer worldwide.[@b1-ott-11-1373] Non-small-cell lung cancer (NSCLC) is the most common type of lung cancer.[@b2-ott-11-1373] However, most NSCLC patients are diagnosed at an advanced stage and thus lose the chance to be eligible for surgery.[@b3-ott-11-1373],[@b4-ott-11-1373]

A major progress in the last few years is the identification of epidermal growth factor receptor (EGFR) as a therapeutic target in a subgroup of NSCLC patients.[@b5-ott-11-1373],[@b6-ott-11-1373] Numerous clinical trials have confirmed that EGFR mutation is a reliable biomarker for EGFR-tyrosine kinase inhibitor (EGFR-TKI) therapy in NSCLC patients.[@b7-ott-11-1373]--[@b9-ott-11-1373] Nowadays, EGFR-TKIs, such as gefitinib and erlotinib, have been suggested as first-line therapy in advanced NSCLC if patients harbor sensitive EGFR mutations.[@b10-ott-11-1373] However, EGFR mutation status has to be known before administering EGFR-TKI therapy.[@b5-ott-11-1373] Most NSCLC patients are diagnosed at advanced stage and cannot benefit from surgery. For advanced NSCLC patients the method of obtaining tumor tissue to detect EGFR mutation is limited, and it is sometimes also hard to get sufficient tumor tissue for further molecular testing.[@b11-ott-11-1373] Besides, some patients cannot tolerate the invasive examination because of serious complications. In addition, most patients would develop acquired resistance during EGFR-TKI therapy,[@b12-ott-11-1373] and so a repeat biopsy is required to understand the resistance mechanism, but patients always reject re-biopsy.[@b13-ott-11-1373],[@b14-ott-11-1373] Therefore, a viable and sensitive technique is required to monitor EGFR mutations in advanced NSCLC patients.

Liquid biopsy refers to the technology that makes full use of body fluids obtained noninvasively, such as peripheral blood, urine, etc, to study the tumor-related gene mutations.[@b15-ott-11-1373] Circulating free DNA, circulating tumor cells (CTCs), and exosomes of peripheral blood are often selected to detect driver gene mutation.[@b16-ott-11-1373]--[@b18-ott-11-1373] The CTC is the cell that the tumor mass sheds or spontaneously releases into the blood circulation;[@b17-ott-11-1373] some research indicates that CTCs can reflect the mutation status in the tumor mass.[@b17-ott-11-1373],[@b19-ott-11-1373],[@b20-ott-11-1373] Therefore, CTCs have been considered to be a potential surrogate for the detection of driver gene mutation.[@b21-ott-11-1373] Some research groups have explored their clinical value and have shown that CTCs were reliable surrogates for detecting driver gene mutation status, such as EGFR mutations. Yet their sensitivity varies significantly in different studies, from 0.13 to 1.00.[@b22-ott-11-1373],[@b23-ott-11-1373]

To address this issue, we performed this meta-analysis to evaluate the clinical value of CTCs as a surrogate for tumor tissue to detect EGFR in advanced NSCLC patients.

Materials and methods
=====================

Search strategy
---------------

We comprehensively searched the electronic databases PubMed, EMBASE, and Web of Science using the following search keywords: lung cancer, epidermal growth factor receptor or EGFR, circulating tumor cell or CTC, serum or plasma or blood, mutations. Alternative spellings and abbreviations were also considered. Reference lists of included studies and relevant reviews were also searched to identify additional studies. Besides, we also retrieved three meeting databases, including American Society of Clinical Oncology (ASCO), European Society for Medical Oncology (ESMO), and World Conference on Lung Cancer (WCLC). The literature search was conducted without any limitations, and the last search was performed on June 20, 2017.

Selection criteria
------------------

First, the records retrieved from the database and the reference list were filtered by title and summary, and then full-text articles of relevant studies were retrieved for further review. We selected eligible studies according to the following inclusion criteria: 1) all selected NSCLC patients should be diagnosed histopathologically or cytologically; 2) the study should compare the EGFR mutation between CTCs and tumor tissue; 3) the patients included in the study were either in the advanced stage or had relapsed and could not benefit from operation after multidisciplinary treatment; and 4) enough data was available to construct the diagnostic 2×2 table.

The exclusion criteria were as follows: 1) tumor tissues and CTCs were not paired; and 2) the reference EGFR status was not obtained from tumor tissue. The study selection process was performed independently by two authors, and any discrepancy was resolved by discussion with the third author.

Data extraction
---------------

Two operators extracted the following data independently from the included studies: author names, publication years, histological type, method of CTC isolation, the detection methods of EGFR in tissue and CTC specimens, blood volume, EGFR-TKI treatment between tissue and CTC specimens, true positive, false-positive (FP), false-negative (FN), and true negative. The methods with optimal sensitivity or specificity were extracted when a variety of methods were used to detect EGFR mutations in CTCs in one research article. The data was thoroughly examined and any discrepancies were resolved by a third person.

Quality assessment
------------------

Methodological quality of eligible studies was evaluated, using the quality assessment of diagnostic accuracy studies 2 (QUADAS-2), by two operators. QUADAS-2 is a useful tool which consists of four domains (patient selection, index test, reference standard, and flow and timing). Fourteen questions related to the quality of the article were judged as "yes," "no," or "unclear."

Statistical analysis
--------------------

True positive, FP, FN, and true negative from each eligible study were extracted. The pooled sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic odds ratio, and corresponding 95% confidence intervals (95% CI) were calculated based on bivariate regression model. Summary receiver operative curve (SROC) and area under the SROC (AUSROC) were measured.

The Spearman correlation between the logit of sensitivity and logit of 1-specificity was calculated to determine the effect of threshold, and a *P*-value \<0.05 indicated a significant threshold effect. The heterogeneity caused by non-threshold effect was measured by Q test and the inconsistency index *I*^2^, and a *P*-value ≤0.05 and *I*^2^ value ≥50% indicated that significant heterogeneity is not caused by the threshold effect. This was further verified by a Galbraith plot. If there is no heterogeneity between the studies, the points representing each study will fall within the range of the 95% boundaries. When there was significant heterogeneity, meta-regression was performed to detect the source.

All statistical analyses were performed using the STATA software (version 12.0, STATA Corp, College Station, TX, USA) with the MIDAS module.

Results
=======

Study selection
---------------

Five hundred and eight studies were identified by the searches. After 125 duplicate reports were excluded, we excluded 348 inapposite publications by scanning titles and abstracts. After further investigation, 27 articles were removed (nine reviews, one non-English study, six articles that did not provide sufficient data to construct 2×2 tables, five in which CTC was not detected, and six that did not match CTCs and tissue). Besides, there was a study presented at a conference but not published in full, so this study was also not included. Finally, eight studies[@b22-ott-11-1373]--[@b29-ott-11-1373] were eligible for analysis ([Figure 1](#f1-ott-11-1373){ref-type="fig"}).

Characteristics of the eligible studies
---------------------------------------

Baseline characteristics of eligible studies are shown in [Table 1](#t1-ott-11-1373){ref-type="table"}. All eligible studies were published between 2008 and 2017. A total of eight studies and 255 advanced NSCLC patients were included in the meta-analysis. Among them, three studies only enrolled adenocarcinoma patients, whereas the other five did not specify the type of cancer. The separation method for CTCs is classified as follows: three studies used Cellsearch, two studies used magnetic activated cell sorting, two studies used microfluidics, and one study used CTC-chip. Although the methods of CTC isolation were different in all the studies, all methods follow the same principle.[@b30-ott-11-1373] The detection methods of EGFR in CTC specimens were classified as follows: five used Sanger sequencing, one used droplet digital polymerase chain reaction, one used next-generation sequencing (NGS), and one used magnetically sensed antibody sandwich assays. The detection methods of EGFR in tissue were classified as follows: four used Sanger sequencing, four used droplet digital polymerase chain reaction, and three did not specify the method. The blood volume used in six studies was 10 mL, one used 7.5 mL, and the other used 6 or 7.5 mL. Between the obtaining of tissue and CTC specimens, patients underwent EGFR-TKI treatment in five studies, while the patients in three studies were EGFR-TKI treatment-naïve ([Table 1](#t1-ott-11-1373){ref-type="table"}).

Six studies had QUADAS-2 scores ≥10. QUADAS-2 summary plot is presented in [Figure S1](#SD1-ott-11-1373){ref-type="supplementary-material"}. As shown, the methodological quality of eligible studies was not significantly affected by bias.

Accuracy of CTCs for detecting EGFR mutations
---------------------------------------------

Taking tumor tissues as reference, the pooled sensitivity and specificity of CTCs for detecting the EGFR mutation status were 0.82 (95% CI: 0.50--0.95) and 0.95 (95% CI: 0.24--1.00), respectively ([Figure 2](#f2-ott-11-1373){ref-type="fig"}). The PLR and NLR of CTCs were 16.81 (95% CI: 0.33--848.62) and 0.19 (95% CI: 0.06--0.64), respectively ([Figure S2](#SD2-ott-11-1373){ref-type="supplementary-material"}). The diagnostic odds ratio was 86.81 (95% CI: 1.22--6,154.15) ([Figure S3](#SD3-ott-11-1373){ref-type="supplementary-material"}). As shown in [Figure 3](#f3-ott-11-1373){ref-type="fig"}, the AUSROC was 0.92 (95% CI: 0.89--0.94), indicating that CTCs had a high diagnostic accuracy. Fagan plot was generated for the visual presentation of diagnostic performance.

Threshold effect and heterogeneity
----------------------------------

Threshold effect is the major source of heterogeneity. The Spearman correlation coefficient and *P*-value were calculated to evaluate the threshold effect, and were found to be −0.22 and 0.05, respectively, confirming that the threshold effect was not significant. As shown in the forest plots of accuracy data ([Figure S2](#SD2-ott-11-1373){ref-type="supplementary-material"}) and Galbraith plot ([Figure 4](#f4-ott-11-1373){ref-type="fig"}), significant heterogeneity was detected. We used meta-regression to detect the source of heterogeneity. The data were divided into five subgroups, according to the volume of blood, histological type, sample size, whether CTC and tumor tissue test methods were consistent, and whether EGFR-TKI treatment was performed. Then, we analyzed the results of subgroup analysis. The subgroup analysis showed that the factors blood volume, histological type, EGFR-TKI, and CTC and tissue test methods for EGFR accounted for significant differences in the pooled specificities. No significant difference was found between the pooled sensitivity with regard to the subgroups ([Table 2](#t2-ott-11-1373){ref-type="table"}) ([Figure 5](#f5-ott-11-1373){ref-type="fig"}).

Publication bias
----------------

Deek's funnel plot was used to test the publication bias. As shown in [Figure S4](#SD4-ott-11-1373){ref-type="supplementary-material"}, the funnel plot and *P*-value 0.793 (\>0.05) suggested no evidence of publication bias.

Discussion
==========

EGFR-TKIs are standard treatments for advanced NSCLC patients harboring activating EGFR mutations.[@b31-ott-11-1373],[@b32-ott-11-1373] EGFR mutation status should be known before adopting EGFR-TKI treatment.[@b33-ott-11-1373] It is often considered that the tumor tissue is the gold standard sample for detecting EGFR mutations. But even in prospective, well-designed clinical trials, it is still impossible to obtain enough tumor tissue samples for molecular detection from one in three patients.[@b34-ott-11-1373] This has become one of the major limitations of precision treatment for NSCLC.

CTCs are tumor cells that are shed from the tumor mass and circulate in the blood.[@b17-ott-11-1373],[@b35-ott-11-1373] Some studies have shown that CTCs can not only predict the prognosis in advanced NSCLC patients but also reflect the gene mutations in the tumor burden. A meta-analysis including 20 trials and 1,576 NSCLC patients confirmed that the presence of more CTCs indicates shorter progression-free survival and overall survival.[@b36-ott-11-1373] The detection of driver gene mutation in CTC has been a hot topic in the last few years. Tissue biopsy is invasive and is limited by the intratumoral or intertumoral heterogeneity.[@b15-ott-11-1373],[@b37-ott-11-1373],[@b38-ott-11-1373] However, CTCs overcome these shortcomings owing to the ease of obtaining the sample by noninvasive techniques, and they also provide an alternative for monitoring EGFR mutation in target therapy. Some studies have pointed out that CTCs are a good surrogate to monitor tumor gene mutations in advanced NSCLC owing to their noninvasive and reliable nature.[@b35-ott-11-1373],[@b39-ott-11-1373] Marchetti et al[@b23-ott-11-1373] first reported that the CellSearch System coupled with NGS was a very sensitive diagnostic tool for EGFR mutation analysis in CTCs, and obtained a good result with sensitivity of 0.82. Furthermore, NGS showed the low-frequency mutations in tumor tissue which were missed by Sanger sequencing.[@b23-ott-11-1373] In addition, a novel microfluidic device capable of specific selection and isolation of single rare cells within a mixed cell population was introduced by Yeo et al; it can not only detect genetic aberrations at the level of single cells, but also realize personalized therapies by tracking changes in anticancer therapies.[@b28-ott-11-1373] Breitenbuecher et al[@b26-ott-11-1373] have described a novel strategy based on CTC enrichment and highly sensitive detection of somatic mutations, and this strategy has shown that the problem of low CTC counts in stage IV NSCLC can be overcome. This may be another new step toward "liquid biopsy" for molecular diagnostics and disease monitoring in patients with advanced NSCLC.[@b26-ott-11-1373] Another study conducted by Sundaresan et al[@b27-ott-11-1373] found that CTCs as a liquid biopsy method can be combined with a tissue biopsy method and that this method provided a more complete assessment for patients with advanced lung cancer. Since the sensitivity of CTCs for detecting EGFR mutations varied significantly in different studies, we performed this meta-analysis to determine their diagnostic value. In our meta-analysis, good sensitivity and specificity results were seen. And, the high AUSROC (0.92) indicated a reliable diagnostic performance of CTCs. The PLR is high enough for clinical practice. However, the NLR is not low enough to exclude the FN cases. That is to say, if a negative result of EGFR is obtained, it should sometimes be confirmed by tumor tissue biopsy. In addition, since the NLR is 0.19, which is above 0.1, and the specificity ranges from 0.24 to 1.00, this means the specificity of CTCs in EGFR detection is not stable enough. In subgroup analysis, significant differences were found between the pooled specificities in terms of blood volume, histological type, EGFR-TKI-therapy, and CTC and tissue test methods for EGFR. No significant difference was found between the pooled sensitivity of the subgroups. Taken together, CTCs might be a suitable surrogate of tumor tissue for detection of EGFR mutation status in the real world, due to thier noninvasive features and high diagnostic value.

We observed that the sensitivity varied in different studies.[@b22-ott-11-1373],[@b23-ott-11-1373],[@b26-ott-11-1373],[@b28-ott-11-1373] The small sample size of these studies may have accounted for this. However, the meta-analysis overcomes the bias caused by insufficient sample size in individual studies, and no significant difference in the pooled sensitivity was shown in the subgroup analysis. Besides, a time interval was found in this low-sensitivity study between tumor tissue analysis and peripheral blood collection, and EGFR-TKI treatment was administered in this time interval. We inferred that the treatment was effective in killing tumor cells harboring active EGFR mutations, resulting in the decreased sensitivity of CTCs in EGFR detection. The three high-sensitivity studies were done in patients who had not undergone any targeted therapy. This may partly explain the differences in sensitivity that were obtained.[@b40-ott-11-1373],[@b41-ott-11-1373]

Liu et al[@b42-ott-11-1373] investigated the clinical value of detecting EGFR mutation status by CTCs in NSCLC patients and revealed that CTCs were a feasible and highly specific biomarker. In their study, they included cases regardless of tumor staging. However, only advanced NSCLC patients were enrolled in our study. For early-stage patients, the driver mutation status could be obtained using tumor tissue recovered during surgery. Also, liquid biopsy is applied in advanced NSCLC patients mostly owing to the difficulties in obtaining enough tumor biopsy samples, especially for target therapy patients. So, this study may be more meaningful for clinical practice. Some FN or FP cases were also observed in this study. Sundaresan et al[@b27-ott-11-1373] pointed out that discordant detection results between tumor biopsy and blood-based analyses may result from technological differences, as well as sampling different tumor cell populations.

There are also some limitations in using CTCs to detect driver gene mutations. These include the fact that the heterogeneity of CTCs complicates identification, and the disparity of techniques used for CTC isolation will also limit the clinical use of CTCs.[@b43-ott-11-1373],[@b44-ott-11-1373] In addition, in some advanced NSCLC patients, CTCs in peripheral blood are not detected, due to the extreme limit of technical sensitivity.[@b28-ott-11-1373] The limitations of this meta-analysis should also be emphasized. Only studies published in the English language were included in our meta-analysis, which could lead to selection bias. In addition, the sample size of 255 participants is relatively small, which will affect the statistical power. Therefore, a larger sample size and further research are required.

Conclusion
==========

In summary, CTCs can be a good surrogate for detection of EGFR mutation when tumor tissue is unavailable, in advanced NSCLC patients. In addition, more precise techniques are needed to improve their clinical efficiency.

Supplementary materials
=======================

###### 

QUADAS-2 summary plot.

**Abbreviation:** QUADAS-2, quality assessment of diagnostic accuracy studies 2.

###### 

Forest plots of PLR and NLR.

**Abbreviations:** CI, confidence interval; DLR, diagnostic likelihood ratio; NLR, negative likelihood ratio; PLR, positive likelihood ratio.

###### 

Forest plot of diagnostic score and DOR.

**Abbreviations:** CI, confidence interval; DOR, diagnostic odds ratio.

###### 

Deek's funnel plot showed no significant publication bias.

**Abbreviation:** ESS, effective sample size.
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![(**A**) SROC of the meta-analysis. (**B**) Fagan plot.\
**Abbreviations:** SENS, sensitivity; SPEC, specificity; SROC, summary receiver operative curve; AUC, area under the summary receiver operative curve; prior prob, prior probability; LR, likelihood ratio; post prob pos, post probability positive; post prob neg, post probability negative.](ott-11-1373Fig3){#f3-ott-11-1373}
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![Forest plots of subgroup analysis.\
**Note:** \*\*\**P*\<0.001.\
**Abbreviations:** Ad, adenocarcinoma; CI, confidence interval; EGFR-TKI, epidermal growth factor receptor-tyrosine kinase inhibitor.](ott-11-1373Fig5){#f5-ott-11-1373}

###### 

Characteristics of eligible studies

  Reference                                Year   Blood volume   Method of CTC isolation   Method (CTC)        Method (tissue)     Histopathological type   EGFR-TKI    Number of patients   QUADAS-2
  ---------------------------------------- ------ -------------- ------------------------- ------------------- ------------------- ------------------------ ----------- -------------------- ----------
  Maheswaran et al[@b24-ott-11-1373]       2008   10 mL          Microfluidic              Sanger sequencing   Sanger sequencing   NA                       Treated     23                   12
  Punnoose et al[@b25-ott-11-1373]         2012   10 mL          CellSearch                Sanger sequencing   NA                  NA                       Treated     29                   10
  Marchetti et al[@b23-ott-11-1373]        2014   7.5 mL         CellSearch                NGS                 Sanger sequencing   Ad                       Untreated   37                   11
  Earhart et al[@b22-ott-11-1373]          2014   10 mL          MACS                      MSASA               NA                  NA                       Untreated   8                    8
  Breitenbuecher et al[@b26-ott-11-1373]   2014   10 mL          CellSearch                Sanger sequencing   Sanger sequencing   Ad                       Untreated   11                   10
  Sundaresan et al[@b27-ott-11-1373]       2016   10 mL          CTC-Chip                  Sanger sequencing   NA                  NA                       Treated     21                   10
  Yeo et al[@b28-ott-11-1373]              2016   7.5/6 mL       Microfluidic              Sanger sequencing   Sanger sequencing   NA                       Treated     6                    9
  He et al[@b29-ott-11-1373]               2017   10 mL          MACS                      ddPCR               ddPCR               Ad                       Treated     120                  10

**Abbreviations:** Ad, adenocarcinoma; CTC, circulating tumor cell; ddPCR, droplet digital polymerase chain reaction; EGFR-TKI, epidermal growth factor receptor-tyrosine kinase; MACS, magnetic activated cell sorting; Method (CTC), method of EGFR detection in CTC; Method (tissue), method of EGFR detection in tissue; MSASA, magnetically sensed antibody sandwich assays (using EGFR mutation-specific antibodies); NA, not available; NGS, next-generation sequencing; QUADAS-2, quality assessment of diagnostic accuracy studies 2.

###### 

Subgroup analysis

  Subgroups                              Number of studies   Number of patients   Sensitivity (95% CI)   *P*-value   Specificity (95% CI)   *P*-value
  -------------------------------------- ------------------- -------------------- ---------------------- ----------- ---------------------- -----------
  Blood volume                                                                    0.83                               0.00                   
   \>7.5 mL                              6                   212                  0.77 (0.50--1.00)                  1.00 (0.99--1.00)      
   ≤7.5 mL                               2                   43                   0.92 (0.70--1.00)                  0.23 (−2.37--1.00)     
  Histological type                                                               0.42                               0.00                   
   Ad                                    3                   168                  0.85 (0.59--1.00)                  1.00 (0.99--1.00)      
   Others                                5                   87                   0.79 (0.49--1.00)                  1.00 (1.00--1.00)      
  EGFR-TKI                                                                        0.28                               0.00                   
   Treated                               5                   232                  0.69 (0.39--0.99)                  1.00 (1.00--1.00)      
   Untreated                             3                   56                   0.94 (0.80--1.00)                  1.00 (0.99--1.00)      
  Sample size                                                                     0.49                               0.09                   
   ≥20                                   5                   230                  0.67 (0.45--0.90)                  0.85 (0.30--1.00)      
   \<20                                  3                   25                   1.00 (1.00--1.00)                  1.00 (1.00--1.00)      
  CTC and tissue test methods for EGFR                                            0.09                               0.00                   
   Consistent                            4                   160                  0.88 (0.71--1.00)                  1.00 (0.96--1.00)      
   Inconsistent                          4                   95                   0.59 (0.26--0.91)                  0.90 (0.35--1.00)      

**Abbreviations:** Ad, adenocarcinoma; CI, confidence interval; CTC, circulating tumor cell; EGFR, epidermal growth factor; TKI, tyrosine kinase inhibitor.
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